Abstract The successful establishment of vegetation, soil development and biogeochemical cycling during the restoration process of mine tailings requires a diverse and metabolically active microbial communities. The objective of this study was to test whether there is any link between the functional groups of both the dominant plant species and soil microbial communities on unreclaimed coal mine spoil heaps of different age located in the Silesian Upland (Poland). At each sampling site the dominant plant species were recorded and characterised based on their Raunkiaer's life form, socio-ecological group and their potential to form mycorrhiza. The functional diversity of the plantassociated microbial communities was assessed using the microbial carbon-utilisation guilds generated using the Biolog method. We observed no differences in the microbial functional diversity, but a gradual increase in the plant functional diversity with the age of the heap. Our results indicate that trees, plants with the potential to form ectomycorrhiza, and deciduous plants strongly affected the carbon-utilisation profiles. The mean proportion of microbe guilds in dominant plant patches accounts for 60 % of the variance while the soil physicochemical parameters explained only 30 % of the variance. This suggest that in post-industrial habitats the biotic features of the soil substratum are more important for the vegetation development than the abiotic parameters.
Introduction
Coal mine spoil heaps are sites, where the stone material extracted together with the coal was stored. The spoil material does not contain organic carbon and the amounts of nitrogen and phosphorus are low (Ledin and Pedersen 1996) . Moreover, these sites are also characterised by extreme abiotic conditions, e.g., lack of water, low nutrient availability, high temperature and high salinity (Bradshaw 2000; Mendez and Maier 2008; Woz´niak 2010) . Each of these limits biological activity and therefore the development of diverse microflora in this environment is very slow (Frouz et al. 2001; Urbanova´et al. 2011) . However, over time hard coal mine heaps, despite their adverse conditions, are effectively colonised by many plant and animal species, which promote the development of soil (Cohn et al. 2001; Woz´niak et al. 2003; Rostan´ski and Woz´niak 2007; Chmura et al. 2011; Tropek et al. 2012) . The spontaneous colonisation by living organisms on post-industrial sites represents a model situation of de novo ecosystem development. This provides opportunity for studying the structure of spontaneously established vegetation and relations between plants and rhizosphere microorganisms on coal mine heaps in succession process over a long period of time. The increase in plant diversity during vegetation development has been recorded in many studies (Whittaker 1965; Matthews 1979; Pineda et al. 1981) but the results of these studies did not show consistently how plant diversity changes during spontaneous succession. However, the species diversity of plant pioneer communities decreases with time because their composition is determined by chance in the initial phase of colonisation (Margalef 1968) .
The variety of plants that were recorded among the sites and over time causes difficulties and often makes it impossible to detect repetitive patterns and relationships between the organisms and/or the habitat. One solution is to implement the concept of functional groups that was introduced in order to reduce the variety of organisms into a ''relatively continuous feature space'' sensu Box (1996) ; Smith et al. (1997) ; Duckworth et al. (2000) . In this study we used the functional concept for both plants and microorganisms. This approach allows a better explanation and understanding of changes in an ecosystem in time-space than an analysis that is solely based on species composition (Pokorny et al. 2005; Dzwonko and Loster 2007; Cadotte et al. 2011; Wang and Chen 2013; Piekarska-Stachowiak et al. 2014) . The plant functional groups (PFGs) concept means, that the analysis of vegetation is based on the number and participation of species with similar morphological and ecological characteristics, representing the same ecological feature. Some studies have shown that the PFGs composition of certain plant species may strongly affect the microbial functional diversity (Milcu et al. 2006; Zhang et al. 2011) . There is an increasing understanding that plant succession is closely connected with the diversity and activity of soil microbial communities due to positive and negative feedbacks (Ehrenfeld et al. 2005; Bezemer et al. 2006; Kardol et al. 2007 ). The study on plant-microbial relations were mostly focused on natural reclaimed postindustrial sites (Tscherko et al. 2003; Š ourkova´et al. 2005) . Our knowledge of changes in microbial functional diversity in relation to plant succession on coal heaps is limited. Therefore, in this study changes in plant functional groups (PFGs) in relation to microbial functional groups (MFGs) were assessed. The microbial metabolic potential can be studied by community-level physiological profiles (CLPPs) that reflect microbial functional groups (MFGs). In this paper, the MFGs refer to groups with an ability to degrade specific carbon sources: carbohydrates, carboxylic acids, amino acids, polymers, amines and amides and miscellaneous (Zak et al. 1994; Garcı´a-Palacios et al. 2011; Kenarova et al. 2014) .
The aim of the study was to find any relations between plant functional groups (features of the dominant species): (1) life span (tree, biannual, perennial), (2) socioecological group (coniferous forest, ruderal habitat, deciduous forest), (3) potential mycorrhizal status (ectomycorrhiza, arbuscular mycorrhiza, absence of mycorrhiza) and the microbial activity expressed as the ability of bacterial communities to utilise compound such as carbohydrates, carboxylic acids, amino acids, polymers, amines and amides as well as miscellaneous on unreclaimed coal mine spoil heaps. We hypothesised that specific microbial functional groups are related to plant functional groups and not to individual plant species.
Materials and methods

Study site
The study was carried out on coal mine spoil heaps located in the Silesian Upland in southern Poland: Panewniki (50°12¢57N, 18°53¢56E), Mysłowice Wesoła (50°10¢29N, 19°05¢35E), Staszic (50°13¢20N, 19°03¢16E) , Gliwice (50°16¢40N, 18°41¢28E), Brzeszcze (49°58¢45N, 19°11¢26E) , Silesia (49°56¢32N, 19°01¢11E) , Knuro´w (50°09¢58N, 19°41¢55E) . The heaps were divided into four age classes. The youngest class I was formed up to 10 years ago, class II-up to 30 years ago, class III-up to 60 years ago and class IV-more than 60 years ago. The spoil heaps were built of carboniferous gangue with unfavorable soil texture (mainly clay stone and siltstone, also sandstone, conglomerate, coal shale) a small admixtures of coal was also reported. Stones and gravel were present even on the oldest heaps covered with woodland vegetation. The chemical characteristics of the soil are presented in Table 1 . The climate in the region is temperate with a mean annual precipitation of ca. 580 mm and a mean annual temperature of 7.6°C.
Vegetation sampling
In a preliminary study a list of the most frequent species which were the dominant in vegetation patches for each age class of heap was prepared. A dominant species in this study was defined as a species whose cover abundance was higher than the cover of all other species in the studied vegetation patch. Plots (2 · 2 m) were established in each of the four age classes based on the list of dominant species (three dominant species in three replicates). This was done in order to avoid sampling an accidentally chosen species, which can happen by using a totally random or systematic sampling design. In this sampling system, the study focused on the most frequent dominant species in the course of vegetation development during each time series (age class) of a heap. Samples of the same dominant species were taken from separate heaps of the same age class, at similar geographical locations in order not to change the abiotic characteristics. The plots were chosen by randomly stratifying the heaps for the dominant species on a heap of a particular age class. The cover of all species in the patch was assessed visually on a percentage scale with intervals of 10 %, except for those accompanying species that were below 10 % for which cover levels of 1 and 5 % were distinguished. The characteristics for all of the recoded dominant species in terms of their Raunkiaer's life form (Frank and Klotz 1990; Klotz et al. 2002) , socio-ecological group (Zarzycki et al. 2002) and potential to form mycorrhiza were determined as is shown in Table 2 .
The analysis of soil physicochemical parameters
Composite soil samples consisting of five rhizosphere soil subsamples (in volume-core diameter 5 cm, depth 15 cm) were collected from the roots of the dominant species grown in the corners and in the middle of each of the 36 plots. Herbaceous plants were pulled from soil and the roots were shaken until most of the adhering soil was removed. The remaining soil particles were removed by mechanical brushing and were considered as rhizosphere.
In the case of trees, their subsurface roots were excavated and fine roots with a tightly bound soil layer were carefully collected from five random sites of the root system. In order to minimise the variation between the rhizosphere soil samples, all of the samples were collected on the same day in July, 2010. The soil samples from each plot were combined air-dried (at room temperature) and sieved into a 2 mm fraction prior to sub-sampling for microbiological and soil chemical analyses. Soil moisture content was determined by the gravimetric difference between 10 g wet and dry weights (105°C for 24 h) of the soil samples. Soil pH was measured in 1 M KCl solution at a 1:10 soil:liquid ratio (w:v). pH and soil conductivity were measured using a digital pH-meter. Available potassium was extracted with ammonium fluoride-HCl at pH 2 and measured with a flame photometer. Available magnesium was extracted with a 1.125 N sodium acetate solution at pH 4.2 and analysed by atomic absorbance. Total phosphorus was measured using the calorimetric and the Tiurin method according to ISO standards (ISO 11263: 1994; ISO 14235:1998) . Organic carbon content analysis was carried out using the standard loss on ignition (LOI) method (Wilke 2005) . The ammonium nitrogen N-NH 4 and nitrate nitrogen ions were extracted with 0.01 M CaCl 2 and measured separately using a reflectometer RQ Flex Merck. The microbial biomass was assessed using the phospholipid fatty acid method as described by Pennanen et al. (1996) . The following PLFA biomarkers were assigned to major microbial groups: i15:0, a15:0, i16:0, i17:0, a17:0 for gram-positive bacteria, 16:1w7, 18:1w7, cy17:0, cy19:0 for gram-negative bacteria, 18:2w6,9 for fungi and 10Me17:0, 10Me18:0 for actinomycetes (Ehlers et al. 2010; Bird et al. 2011) . Additionally, 15:0 and 17:0 fatty acid along with the above mentioned bacterial biomarkers were used to calculate the total bacterial PLFA biomass.
Community level physiological profiles
CLPPs were assessed using the Biolog system (Biolog Inc., CA, USA) and EcoPlatesä containing three sets of 31 carbon substrates and water blanks (Insam and Rangger 1997) . Microorganisms were extracted from the soil as described by Zak et al. (1994) . Briefly, soil sus- pensions (10 g dry weight of soil in 90 mL sterile 0.85 % NaCl solution) were shaken for 1 h, and after that, aliquots of 125 mL were inoculated on plates, which were then incubated at 24°C in the dark. The readings were taken after inoculation and at 12 h intervals for 144 h using a microplate reader (Victorä X5 Multilabel Plate Readers, PerkinElmer). The absorbance measurements for individual substrates were corrected against the control well containing only water and by subtracting the absorbance of the first reading for elimination of the background absorbance (Insam and Rangger 1997) . The corrected absorbance values were used to calculate the area under the curve (AUC) and the average area under the curve (AAUC) which was used to express the overall microbial activity on the plates. In order to distinguish the microbial functional groups, the substrates were grouped into six guilds-carbohydrates, carboxylic acids, amino acids, polymers, amines and amides and miscellaneous (Zak et al. 1994 ). The carbon substrate guilds refer to microbial functional groups understood as groups with an ability to utilise specific carbon sources. The AUC values of the substrates for each guild were summarised and expressed as a percentage of the total AUC value of the plate. The AUC approach has been suggested to measure the proportional substrate utilisation efficiency unaffected by inoculum density (Preston-Mafham et al. 2002) . The following microbial indices-substrate richness (R s ), the functional diversity index based on the Shannon-Wiener biodiversity index (H¢) and the index of evenness (I¢) were calculated according to the equations H 0 ¼ ÀR pi lnpi ð Þ and I 0 ¼ H 0 = ln R s , respectively, where pi is the ratio of the activity on each substrate (ODi) to the sum of activities on all substrates (RODi) and R s is the number of oxidised C substrates. The indices were used in the statistical analyses.
Data analysis
An analysis of variance (ANOVA) was used to investigate the statistical differences among the microbial functional groups. In order to determine which PFGs were responsible for the differences, the Tukey post hoc test was performed. When the data did not meet the assumptions for the parametric tests, the KruskalWallis or Conover test was used. The normality of distribution was checked using the Shapiro-Wilk test and the homogeneity of variance was analysed using the Levene test. Cluster analysis (various indices of distance and the Ward method) was performed in order to show the ecological distance in MFGs between the samples assigned to particular dominant plant species (R Core Team 2014). Prior to this analysis, means of distinguished MFGs for particular dominant plant species and means of soil data were calculated. The choice of distance measured in clustering followed the method described by Oksanen (2011) . The following distance measures were defined-Euclidean, Bray-Curtis dissimilarity, City Block Manhattan and Jaccard. Next, the function rankindex (Vegan software) was used to examine which of the measures best separated the samples along known gradients expressed as a matrix of soil data. In order to study differentiation of MFGs along possible gradients: dominant plant species and soil variables, direct (constrained) ordination redundancy analysis (RDA) was carried out (Ter Braak and Sˇmi-lauer 2002) . For the RDA the means of the relative use of different carbon sources that refer to the microbial functional groups were used. The Monte Carlo test (999 permutations) was performed in order to estimate significance of the model and particularly significance of each used factor. In this end, pseudo-F and value of probability was computed.
Results
Vegetation
The species composition and cover abundance on 36 plots were recorded (Table S1 ). In total 99 plant species were identified. Among the 12 dominant species that were studied, there were two entries for Betula (A, B) The different letters indicate significant differences between the plant functional groups that were distinguished at P < 0.05 (ANOVA followed by the Tukey test or Kruskal-Wallis test followed by Conover test) and Pinus (A, B), which were the dominants as both saplings (B) and trees (A). In this paper, these two species were treated as four separate entities because they represented different developmental phases and therefore played different roles in the succession stage that was being studied (Table 2) .
Microbiological studies
There were significant differences (P < 0.05) between MFGs in the soil substrate of the vegetation patches that were dominated by species representing deciduous forest habitats and patches that were dominated by species representing coniferous forests and ruderal habitats (Table 3 ). In case of amino acids and carboxylic acids substantial differences were found among all types of habitats. The analysis of the guilds indicated significant differences in the relative use of carbohydrates, amino acids, carboxylic acids, miscellaneous and polymers among trees as compared to biannual and perennial plants (Table 3 ). Significant differences were observed between patches dominated by species that commonly form ectomycorrhiza and the patches that were dominated by non-mycorrhizal species or those that interact with arbuscular fungi (Table 3 ). The only exception was observed for amines and amides, for which the degradation was similar for all distinguished PFGs. Metabolic activity on the Biolog EcoPlatesä, expressed as AAUC, did not increase gradually with the age of the heap. However, AAUC was very high in soils under deciduous trees, in particular under birch (tree layer and shrub layer) and oak trees (tree layer) (data not shown). The lowest AAUC was measured for soil under Chamaenerion palustre, which represented the perennial life span (Table 2 ). There were significant differences (P < 0.05) in the MFGs among soil samples influenced by analysed dominants. Carbohydrates was preferably utilised in all of the tested soil samples, with the exception of soil from the ruderal species Calamagrostis epigejos. The relative use of carbohydrates was less than 40 % in soils under Ch. palustre, C. epigejos, Populus tremula B, Betula pendula (tree layer) and (shrub layer), and Quercus robur. The function rankindex revealed that the Manhattan city block distance best separated samples of MFGs, along the physicochemical soil properties, scoring the highest value 0.15 followed by the remaining distances which ranged from 0.04 to 0.13. There were two main clusters-one with deciduous trees and a second, more complex one, with the remaining species and Ch. palustre as an outlying group (Fig. 1) . The two biggest groups of the second cluster were mostly herbaceous plants, but the species recorded on the heaps of the first (P. compressa, Tussilago farfara) and second (C. epigejos, Daucus carota, Melilotus alba) age classes were mixed. The vegetation patches that were dominated by P. sylvestris in the tree (A) and shrub (B) layers were in a separate group (Fig. 1) .
The redundancy analysis (Fig. 2) illustrates that among the environmental parameters only conductivity (12 % of variance explained, pseudo-F = 4.78, P = 0.001) and the content of magnesium (8 % of variance explained, pseudo-F = 3.25, P = 0.006) were significant explanatory variables in the soil substratum. The gradient of magnesium content influence microbial functional groups associated with some perennial and biennial plant dominants and is associated with nonmycorrhizal plants, whereas high salinity (C25) is confined to microbial functional groups associated with some non-mycorrhizal, biennial plants of ruderal habitats (Fig. 2) . However, these soil properties did not explain the proportion of MFGs among tested samples. The data illustrated in diagram (Fig. 2) accounts for 30 % of the variance in the microbial data.
Discussion
In our study, a distinct increase in the plant functional diversity (measured as the mean values for plots from spoil heaps of the same age class) was recorded during heap succession development (Table 1 ). Previous studies found that the plant diversity is connected with the functioning of soil microorganisms and the changes in PFGs may have a stronger impact on microbial communities than the plant species per se (Vinton and Burke 1995; Groffman et al. 1996; Kennedy et al. 2005) . He et al. (2008) found no direct links between plant and microbial taxonomic diversity. However, they noted that plant diversity was positively correlated with bacterial metabolic diversity. Our results showed that microbial community on the youngest heaps exhibited less activity than those from the older heaps. The spoil material of unreclaimed coal mine heaps is characterised by a low microbial cell density and biological activity (Frouz et al. 2001; Frouz and Nova´kova´2005) . Growing activity may be a result of a gradual increase of organic C and microbial biomass (Ru˚zˇek et al. 2001; Sˇourkova´et al. 2005) . In our study the content of organic carbon was high with the highest amount on the heaps of age class II (Table 1) . Such a high level of organic carbon is connected with the presence of geogenic carbon, which originates from particles of hard coal from the tertiary strata. This geogenic carbon is not available to microorganisms, and therefore, despite the high total organic carbon content, the tested soils are poor in accessible carbon sources and provide harsh conditions for microorganisms and plant growth (Skar_ zyn´ska 1997).
The microbial biomass increased with the age of the heaps however, it was dependent on plant dominant species (Table 1) . Although we did not observe an increase in the microbial functional diversity index, there was a gradual increase in the plant functional diversity (Table 1 ). In contrast, other authors have reported that the functional diversity index is correlated with organic carbon content and microbial biomass (Schipper et al. 2001; Oren and Steinberger 2008) . The absence of such correlations in this study may be due to the significant influence of specific environmental factors such as lack of water, low nutrient availability, high temperature and high salinity on the microbial functional diversity. Nunan et al. (2005) when analysing root associated communities of several grasses found that the microbial fingerprints showed a high degree of similarity between tested species. However, a statistical analysis of the data indicated that topography had a significant influence on microbial community composition. Additionally, studies by Sprocati et al. (2014) on microbial biodiversity from mining sites across Europe showed, that biodiversity at phylum level, was correlated to soil factors like the presence of heavy metals and harsh soil conditions (extreme pH, lack of nutrients) while, at species level, reflects a remarkable local characteristics. Moreover, Mastrogianni et al. (2014) who analysed the dynamics of soil microflora after reclamation of coal mine areas, found that the carbon utilisation profiles exhibited complex successional patterns, where the highest functional diversity and activity were observed in the earlier successional stages.
In our study the cluster analysis showed that among socio-ecological groups, common features were observed for species representing coniferous forests and ruderal habitats. Such a result could be expected to some extent but the positioning of samples from P. sylvestris A-tree and B-shrub and pioneer vegetation (T. farfara, Ch. palustre, P. compressa) in the cluster analysis is surprising. This analysis also revealed that Ch. palustre is a species that is associated with a specific microbial community. This might be explained by the fact that this species frequently grows on ruderal habitats in the Silesian region, although it originates from the embankments of high mountain rivers (Rostan´ski and Woz´niak 2007) . The close position of P. sylvestis A and B with M. alba and T. farfara samples suggests that the age of the heap and consequently the successional stage does not appear to be the most important for the development of the microbial-plant relations. Microbial communities under dominant species that represent biennials and perennials revealed similarities in their utilisation of carbon substrates. This suggested that the frequent presence of short-lived therophytes in the early stage of vegetation development might result from links between these plants and the microbial metabolic potential. The high participation of the therophytes and their persistence in harsh habitats is connected with their tolerance to stress conditions and the positive influence of microorganisms on nutrient cycling and soil formation thus promote plant development (Martinez-Ruiz and Marrs 2007). It has been also accepted that mycorrhiza is beneficial for the plants that live in harsh habitats (Pawłowska et al. 1996 (Pawłowska et al. , 2000 van der Heijden et al. 1998) . Among the dominant species recorded on the heaps representing the first age class, only one of these, Ch. palustre, is reported as living with arbuscular mycorrhiza, while among the species recorded on the heaps of the second age class, two species are known to live with the arbuscular mycorrhiza. This symbiosis is particularly important because fungi have been shown to ensure the transport of assimilates and nutrients between plants ( Heap and Newman 1980; Martins 1993; Pawłowska et al. 1996) . Grime et al. (1987) suggested that such transport between the roots of dominant and subordinate species within a plant community acts as a mechanism that determines the plant community structure (Pu¨schel et al. 2007; Bonfante and Anca 2009 ). In our study, with the exception of the amines and amides, the utilisation profiles were similar for the soil microbial communities of the dominant species with the arbuscular mycorrhiza and those with no mycorrhiza. This may be explained by the fact that mycorrhiza colonisation can relate to about 90 % vascular plants species in natural ecosystems (Brundett 1991; Read et al. 1992; Bonfante and Anca 2009) . On the other hand, Nicolson (1960) suggested that the low level of the colonisation rate or lack of mycorrhizal fungi may be related to the initial process of ecological succession and that the percentage of mycorrhizal plants increases along the succession. This mycorrhizal phenomenon has been observed on areas that have been heavily degraded by industrial activity (Turnau et al. 1993 (Turnau et al. , 1996 (Turnau et al. , 2001 Pawłowska et al. 1996) .
The results of our study suggest that in post-industrial habitats like coal mine heaps the biotic features of the soil substratum and therefore the plant-soil biota feedback are more important for the vegetation development than the abiotic parameters. A multivariate analysis of CLPPs indicated that microbial functional groups account for twice as much variance in PFGs as tested physicochemical parameters and among them the most important were conductivity and magnesium content. The mycorrhizal status had the greatest effect on the microbial metabolic potential. The MFGs provide an indication of the activity of microorganisms that are relevant to the cycling of nutrients in harsh ecosystems such as coal mine heaps. However, plant-soil feedback must be carefully tested because it has been stated that nutrient and light availability are the major driving forces of plant species turnover during successional development (Tilman 1988; Grime 2001) . It has been shown that plants may exert species-specific effects on both abiotic and biotic soil properties and that these relationships may develop relatively quickly, i.e., within two growing seasons. The complexity of these interactions was confirmed by a meta-analysis. The analysis revealed that simple generalisation on the interplay among PFGs, MFGs and ecosystem properties or the trophic level will be difficult to sustain (Balvanera et al. 2006) .
